Introduction {#s1}
============

Meniere\'s disease (MD), first reported by Meniere ([@B1]), is a complex, multifactorial inner ear disease characterized by recurrent vertigo attacks, fluctuating, and progressive sensorineural hearing loss, tinnitus, and aural fullness in the affected ear. Given the heterogeneity of MD, its etiology and pathogenesis are complex. Proposed causes include endolymphatic hydrops, viral infection, genetic predisposition, and autoimmune involvement of the endolymphatic sac ([@B2]--[@B5]). However, despite extensive research, the cause of MD, as well as its relationship to these etiological factors, remains unresolved.

Both hearing loss and vertigo are major symptoms of MD, indicating that lesions involve cochlear and vestibular components of the inner ear. Bixenstine et al. discovered spiral ganglion degeneration after surgery-induced endolymphatic hydrops in a guinea pig model showing larger damage in the apical that in the basal neurons ([@B6]). In addition, previous electron microscopic studies had systematically revealed the histopathology of the vestibular sensory epithelia in MD. Early studies predominantly focused on utricular maculae and confirmed degenerative alterations in the utricular sensory epithelium ([@B7], [@B8]). Later studies further investigated the semicircular canal cristae ampullares and otolithic organs from subjects with intractable MD. McCall et al. demonstrated varied degrees of neuroepithelial degeneration with severe pathological changes of the semicircular canal cristae ampullares and saccular maculae including monolayer epithelialization, basement membrane thickening, cellular vacuolization, stereocilia loss of hair cells, and increased stromal spaces ([@B9]). However, these studies have focused primarily on local lesions of the vestibular periphery, without considering impairment of the central portion of the vestibular nerve (VN).

Anatomical and physiological studies, however, have led to a fundamental understanding of the functional circuit of vestibular pathways. The structural integrity of VN is essential for vestibular sensory processing, particularly the conduction and projection of sensory input signals. Axons of the VN receive input from sensory receptors of the cristae ampullae and maculae, and project to the four ipsilateral vestibular nuclei. Of note, sensory information from the periphery must pass through the ganglion cells before reaching the central nervous nuclei ([@B10]). In rodent nociceptive neurons, the dorsal root ganglion acts as an electrical obstacle to spike propagation ([@B11], [@B12]). Rattay et al. demonstrated that spike conduction was delayed considerably in the soma regions of human type I spiral ganglions ([@B13]). Like the dorsal root and spiral ganglia, Scarpa\'s ganglion is a potential impediment that acts as a filter for action potential propagation. Peripheral sensory signals are modulated by Scarpa\'s ganglion and altered when reaching the central portion of the VN, which conducts the downstream sensory information toward the vestibular nuclei. The fidelity of post-ganglion action potential propagation between Scarpa\'s ganglion and the central processes relies on the integral structure and normal function of the central axon of the VN. Therefore, the central portion of the VN axon plays a key role in conveying the electrical information to the vestibular nuclei. Moreover, animal experiments have confirmed that vestibular neurectomy can compromise sensory inputs arising from the vestibular sensory end organs, resulting in vestibular symptoms including head tilt, asymmetry of muscular tone, and rotation of the body ([@B14]). Clinical evidence has also established that VN lesions, such as vestibular neuritis and vestibular schwannoma, lead to vertigo ([@B15], [@B16]). Therefore, investigating histopathological changes in the central portion of the VN in MD patients may provide significant insights into the cause and pathophysiology of the disease.

Unfortunately, little information on patients with MD is available from the few studies carried out to investigate pathological changes in the VN. Spencer et al. reported that VN axons exhibited extensive demyelination, indicating degenerative change, in patients with unilateral MD ([@B17]). However, Kitamura et al. found no morphological degeneration in VN surgical specimens from three MD patients ([@B18]). Such contradictory findings among the limited amount of research available mean that the issue of whether or not there are VN lesions in MD patients remains controversial. The clinical significance of identifying morphological lesions in the VN during MD relates to the implications for the therapeutic management of disease progression. In the present study, we discovered the presence of pathological changes in the central portion of the VN segments, and found that they were highly correlated with disease severity and found that they were highly correlated with disease severity.

Materials and Methods {#s2}
=====================

Patients
--------

This study enrolled eight patients admitted to the Department of Otorhinolaryngology--Head and Neck Surgery who provided signed informed consent. In all patients, the diagnosis of MD was confirmed according to the 2015 criteria of the Classification Committee of the Bárány Society ([@B19]). The following data are shown in [Table 1](#T1){ref-type="table"}: patient age, gender, lesion side, symptoms, and symptomatic duration, data from the auditory functional evaluation, and the surgical approach. Pure tone audiometry was performed before the vestibular neurectomy. Electrocochleography (ECochG), which is considered as a complementary diagnostic measure for MD, demonstrated an elevated summating potential/action potential (SP/AP) ratio (≥0.4) in all patients but one (case 3), whose affected ear was not responsive to the examination. All patients had intractable MD after comprehensive and prolonged therapy. Intractable MD was defined as failure to respond to various forms of medical management including diuretics, beta-histamine, antihistamines, oral prednisone, and intratympanic dexamethasone for at least 6 months. None of the patients underwent intratympanic gentamicin injection to avoid impairing their residual hearing. Three patients (cases 5, 6, and 8) had refractory vertigo despite endolymphatic sac decompression and one of them (case 5) underwent neurectomy via a translabyrinthine approach because of severe hearing loss. A patient with vestibular schwannoma was included as a control. This study was conducted in accordance with the Declaration of Helsinki ([@B20]). The study protocol was approved by the hospital ethics committee (Approval No. YS-2018-101).

###### 

Patient information and clinical characteristics.

  **Case**   **Gender**   **Age (yr)**   **Side**   **Period (yr)**   **VA6m**   **EFAV**   **tinnitus**   **PTA (dBHL)**   **SP/AP**     **ESD**   **SA**
  ---------- ------------ -------------- ---------- ----------------- ---------- ---------- -------------- ---------------- ------------- --------- --------
  1          F            59             R          10                20+        Yes        Yes            45               0.40          No        RS
  2          F            56             L          11                20+        Yes        Yes            62               1.00          No        RS
  3          F            67             L          3                 3          Yes        Yes            47               No response   No        RS
  4          M            57             L          8                 3          Yes        Yes            52               0.61          No        RS
  5          M            48             R          20                2          Yes        Yes            85               0.58          Yes       RL
  6          M            41             L          5                 3          Yes        Yes            30               0.53          Yes       RS
  7          M            58             L          3                 20+        Yes        Yes            71               0.49          No        RS
  8          M            48             R          15                20+        Yes        Yes            54               0.52          Yes       RS

*VA6m, numbers of vertigo attacks in 6 months; EFAV, ear fullness associated with vertigo attacks; PTA, pure-tone average; SP/AP, summating potential/action potential ratio; ESD, endolymphatic sac decompression; SA, surgery approach; RS, retrosigmoid approach; RL, translabyrinthine approach*.

Audiometry
----------

Hearing levels were measured using a pure tone audiometer (Grason-Stadler GSI 61, USA) in a soundproof room with background noise lower than 18 dB. The audiometric thresholds for air and bone conduction were recorded at frequencies of 0.25, 0.5, 1, 2, 4, 6, and 8 kHz. The pure-tone average (PTA) of 0.5, 1, 2, and 4 kHz was used to evaluate the hearing level of the affected ear.

ECochG Recording
----------------

Electrocochleography (ECochG) was recorded using the evoked potential system (Neuropack M1 MEB-9200, Nihon Kohden, Japan). The tympanic membrane (TM) was identified at endoscopy and the electrode was placed on the posteroinferior quadrant of the TM. Reference and ground electrodes were placed on the ipsilateral earlobe and forehead, respectively. Stimuli consisting of alternating polarity clicks were delivered at 90 dB HL at a rate of 11.3/s. Then, 1,000 stimulus repetitions per recording were averaged over a 10-ms post-stimulus time frame. The SP amplitude was calculated from between pre-stimulation baseline and the first trough, while the AP amplitude was calculated from the onset of the SP deflection to its first negative peak. The SP/AP amplitude ratio was computed for the affected ear of each patient.

Vestibular Neurectomy
---------------------

Surgery was performed on seven patients under the operating microscope via a retrosigmoid approach. After exposing the cerebellopontine angle, cranial nerve VIII was clearly identified. A fine vessel along the nerve denotes the cochleovestibular cleavage, which demarcates the vestibular and cochlear components ([Figure 1A](#F1){ref-type="fig"}). The two components were bluntly separated from the cochleovestibular cleavage using a micro-dissector ([Figure 1B](#F1){ref-type="fig"}). The central portion of VN was severed with micro-scissors, and an approximately 4-mm segment was carefully removed. Case 5 underwent a neurectomy via a translabyrinthine approach. With the mastoid cortex fully exposed, the semi-circular canals were removed. Then, the internal auditory canal was opened and the VN axons were identified and removed carefully. Special care was taken to protect the VN tissue from instrument trauma, compression, and desiccation intraoperatively. Specimens were immediately placed in fixative solutions. Specimens that obtained from healthy VN tissues adjacent to tumors and vestibular schwannoma were used as control.

![Intraoperative photographs of a patient with left-sided Meniere\'s disease (MD), retrosigmoid approach. **(A)** Exposure of cranial nerve VIII. The fine vessel indicating the cochleovestibular cleavage (yellow arrow) is visible. **(B)** Separating cochlear and vestibular nerves with a micro dissector. C, cochlear nerve; V, vestibular nerve; M, micro dissector; P, petrous ridge of temporal bone.](fneur-10-00948-g0001){#F1}

Light Microscopic Examination
-----------------------------

The VN specimens from five patients were immersed in 4% paraformaldehyde (diluted in sodium phosphate buffer, pH 7.4) and fixed for 12 h at 4°C. Tissues were embedded in paraffin blocks, and 4 μm cross-sections were obtained using a microtome (CV 5030; Leica, Germany). Sections were stained with hematoxylin/eosin (HE), observed under light microscopy (AZ100; Nikon, Japan), and imaged using NIS-Elements D software (Nikon). The corpora amylacea (CA) were identified based on their morphological features by two pathologists with more than 20 years of experience. The CA were counted manually using ImageJ (ver. 1.80) and 10\~12 high-magnification fields (×400) were analyzed per section. The same procedure was performed in examination of the healthy VN specimen and vestibular schwannoma.

Transmission Electron Microscopic Examination
---------------------------------------------

Segments of VN obtained from three MD patients were fixed in phosphate-buffered 2% glutaraldehyde solution for 12 h at 4°C. Specimens were then post-fixed in 1% osmium tetroxide for 3 h, washed with phosphate buffer solution, dehydrated in increasing concentrations of ethanol, immersed in 100% propylene oxide, and embedded in EPON resin blocks (Shell Chemical, USA). Ultrathin sections (70 nm) were made from the blocks using a diamond knife on an ultramicrotome (EM UC7; Leica) and stained with uranyl acetate and lead citrate. Transverse tissue sections were viewed and imaged using a transmission electron microscope at 80 kV accelerating voltage (Tecnai G2 Spirit; FEI, USA) equipped with a digital camera (Gatan, USA).

Statistical Analysis
--------------------

SPSS for Windows (ver. 22.0; IBM, USA) was used for the data analysis. Pearson\'s correlation and linear regression were utilized to examine relationships between the degree of pathological change and the age of MD patients, disease duration, and hearing level.

Results {#s3}
=======

Morphological Changes in MD Affected Nerve Fibers
-------------------------------------------------

[Figure 2](#F2){ref-type="fig"} illustrates the gross light microscopic changes observed in sections of VN from patients with intractable MD. Decreased density and disorderly arrangement of nerve fibers was apparent on HE staining ([Figures 2A--D](#F2){ref-type="fig"}). VN samples from all patients examined by light microscopy showed varying degrees of nerve fiber edema. The neuropil, i.e., the reticular structure comprised of axons, glial cell processes, and microvasculature, was loosely arranged and showed vacuolar disintegration ([Figure 2A](#F2){ref-type="fig"}). Atrophy and mucous degeneration were observed in the affected VN fibers, which showed a spongy appearance ([Figure 2D](#F2){ref-type="fig"}). A characteristic feature of the VN lesions was the presence of CA, which were typically seen in all sections as round or oval bodies ranging from 3.5 to 17 μm in diameter ([Figures 3A--D](#F3){ref-type="fig"}). A low CA density was observed in the VN tissue from a patient with MD for 3 years ([Figure 3A](#F3){ref-type="fig"}). Higher-magnification images showed that CA exhibited a concentric laminated appearance, with the center staining more deeply than the periphery ([Figure 3B](#F3){ref-type="fig"}). The VN section obtained from a patient with a 20-year history of MD showed densely distributed CA ([Figure 3C](#F3){ref-type="fig"}). Sporadically, fusion of two CA was observed in VN sections ([Figure 3D](#F3){ref-type="fig"}). Noting that the density of CA varied among sections from different patients, CA were counted in every high-magnification field (×400). The distribution of CA density in the VN segments of patients is illustrated in [Figure 4A](#F4){ref-type="fig"}. An inverse correlation was observed between density of CA and age (*r* = −0.6955; *p* \< 0.001) ([Figure 4B](#F4){ref-type="fig"}). However, we demonstrated that the density of CA was highly correlated with the duration of MD (*r* = 0.7175; *p* \< 0.0001) ([Figure 4C](#F4){ref-type="fig"}). Furthermore, the density of CA and PTA in the subjects was also found to be correlated (*r* = 0.8509; *p* \< 0.001) ([Figure 4D](#F4){ref-type="fig"}).

![Light microscopy images (×200) illustrating histological alteration in vestibular nerve (VN) tissues from various patients with intractable MD. **(A)** Case 5. Presence of numerous corpora amylacea (CA), a gray secretion-like structure (arrow). Edema of the nerve fibers and loose neuropil with vacuolar disintegration were present in the VN tissue. **(B)** Case 2. Edematous nerve fibers with numerous CA (arrow). **(C)** Case 3. Atrophic nerve fibers with sporadic CA (arrow). **(D)** Case 4. Mucous degenerative VN fibers, presenting a spongy appearance. Sporadic CA are visible (arrow).](fneur-10-00948-g0002){#F2}

![The formation of CA. Images of VN sections from two patients with different durations of MD. **(A)** The distribution of CA scattering in the VN tissue from a patient with MD for 3 years (Case 3, ×200). **(B)** Higher magnification image (×400, framed in **A**) clearly showing the appearance of the lesion. **(C)** VN section from a patient with a longer history of MD (20 years) showing the presence of numerous CA (Case 2, ×200). **(D)** Higher magnification image (×400, framed in **C**) showing the pathological concentric laminated structure, with the center stained more deeply than the periphery.](fneur-10-00948-g0003){#F3}

![Correlation between the density of CA in VN sections and clinical characteristics of patients with intractable MD. **(A)** Density of CA in all high-magnification fields (×400) for each patient. **(B)** Correlation of CA density with subject age (Pearson\'s correlation coefficient, *r* = −0.6955; *p* \< 0.001). **(C)** Correlation of CA density with duration of MD (Pearson\'s correlation coefficient, *r* = 0.7175; *p* \< 0.0001). **(D)** Correlation of CA density with subject hearing impairment category (HIC) (Spearman\'s rank correlation coefficient, *r* = 0.5437; *p* \< 0.0001).](fneur-10-00948-g0004){#F4}

Morphological Features in Healthy Nerve Fibers and Vestibular Schwannoma
------------------------------------------------------------------------

We analyzed the sections obtained from healthy VN tissue adjacent to tumors and vestibular schwannoma in order to determine whether the CA would be found in non-MD conditions. Normal nerve fiber structures were clearly observed in healthy VN specimens, showing no appearance of edema, atrophy and spongy appearance. No evidence of CA was found in the healthy VN fibers ([Figure 5A](#F5){ref-type="fig"}). Tissues form vestibular schwannoma showed the tumor and nerve fibers were encompassed by a connective tissue layer which was obviously thicker than normal outer thin connective tissue layer. The tumor cells were observed in fusiform shape, lacking of CA ([Figure 5B](#F5){ref-type="fig"}). These results from control tissues provided direct evidence to ascertain that changes we observed in MD affected VN fiber deformation are of pathological origin.

![Histological characteristics of nerve fibers in control tissues. **(A)** Healthy VN specimen showing clear nerve fiber structures with round or oval cells. No CA were found in the healthy never fibers (×400). **(B)** Tissue from a vestibular schwannoma showing the tumor and nerve fibers were surrounded by a thick connective tissue layer. The tumor cells were in fusiform shape, lacking of CA (×400).](fneur-10-00948-g0005){#F5}

Ultrastructural Lesions of Nuclei and Other Organelles
------------------------------------------------------

Detailed examination of transverse sections of VN tissue obtained from three patients with intractable MD was achieved using transmission electron microscopy. In all cases, micrographs providing representative views of the ultrastructural features of VN lesions were carefully chosen. Various pathological alterations indicating VN impairments were noted. Although the myelin sheaths of small axons had a normal appearance, ultrastructural changes in Schwann cells were apparent. Chromatin condensation, decomposition, and karyolysis were observed within the same VN sections. Fragmented chromatin was dispersed toward the edges of nuclei ([Figure 6A](#F6){ref-type="fig"}). These morphological indications of Schwann cell apoptosis showed active disintegration in the VN of patients with intractable MD. Moreover, Schwann cell mitochondria in the VN fibers exhibited an altered vesicular appearance, with matrix distension. The deposition of lipofuscin, characterized by electron-dense bodies of varying shapes, was also noted in Schwann cells ([Figure 6B](#F6){ref-type="fig"}). We found marked accumulation of lipofuscin in the central axons of VN fibers, with significant vesicular disintegration of axons devoid of axoplasm ([Figure 6C](#F6){ref-type="fig"}). We also found evidence of lysosome-rich microglia, which act as macrophages in neural tissue, engulfing and scavenging apoptotic cell debris ([Figure 6D](#F6){ref-type="fig"}).

![Micrographs showing ultrastructural changes in affected VN tissues from patients with intractable MD. **(A)** Case 8. Degenerative processes in Schwann cells. The shrunken nucleus of a Schwann cell, with chromatin condensation (green arrow). Karyolysis with fragmented chromatin gathered toward the edge of the nucleus (blue arrow). The nucleus of an apoptotic Schwann cell with an electron-dense substance (yellow arrow). **(B)** Case 6. The deposition of lipofuscin within a Schwann cell (yellow arrow). Mitochondria with a swollen and vacuolar appearance (green arrow). **(C)** Same case, the axon of a nerve fiber undergoing significant vesicular disintegration, with apparent accumulation of lipofuscin (yellow arrow). **(D)** Case 7. A microglial cell engulfing fragmented cell debris. Scale bars: **(A)** = 2 μm, **(B,C)** = 1 μm, **(D)** = 2 μm.](fneur-10-00948-g0006){#F6}

Ultrastructural Alterations of Myelin Sheath
--------------------------------------------

Fine structural alterations of myelin sheath were examined in ultrathin VN sections from three patients with intractable MD by transmission electron microscopy. The most extensive change noted was dysmyelination, with lamellar splitting and the formation of abnormal myelin. Delamination of myelin sheath, with the appearance of widened and disorderly myelin lamellae, was ubiquitous in the VN tissue. Axonal impairments were also observed to accompany dysmyelination or delamination ([Figure 7A](#F7){ref-type="fig"}). The formation of myelin bodies due to myelin degradation was observed inside the myelin loop of Schwann cells. Axoplasm of fibers within the myelin loop appeared to have collapsed into several parts ([Figure 7B](#F7){ref-type="fig"}). The most common pathological feature was morphological alterations to Schmidt--Lanterman incisures (SLI), which are cytoplasmic pockets that exist within compact myelin and connect the inner cell cytoplasm with the outer surface of the myelin sheath. SLI of the affected VN fibers exhibited membranous whorls, the size and electron density of which varied considerably. Projection of a focally distended SLI with an electron-dense substance was noted in the outer layer of the myelin sheath. Membrane whorls with volute-arranged and concentric lamellar-like structures occurred repeatedly within the myelin sheaths of Schwann cells ([Figure 7C](#F7){ref-type="fig"}). SLI dilation with coarse granular components of medium electron density was detected inside the loose and degenerated myelin sheath. The axon appeared atrophic and without organelles ([Figure 7D](#F7){ref-type="fig"}).

![Electron micrograph of myelin sheath, showing details of lesions in affected VN fibers in patients with intractable MD (**A,C,D** from case 8, **B** from case 7). **(A)** Extensive dysmyelination and delamination of myelin sheath showing clear degeneration of the involved VN fibers. Projection of focally distended Schmidt-Lanterman incisures (SLI) is seen within the myelin sheath (yellow arrow). **(B)** The formation of myelin bodies inside the myelin loop, indicating myelin degradation (blue arrow). Axoplasm of the fiber is collapsed into several parts. **(C)** Dilated SLI showing membranous whorls with a concentric lamellar-like structure (green arrow). These membranous whorls were frequently seen within widened SLI (**A**, green arrow). **(D)** Severe dilation of SLI with coarse granules of medium electron density (red arrow). The loose myelin sheath appears disintegrated. Scale bars: **(A--C)** = 2 μm, **(D)** = 0.5 μm.](fneur-10-00948-g0007){#F7}

Discussion {#s4}
==========

Previous studies systematically investigated the vestibular sensory epithelia ([@B7]--[@B9], [@B21], [@B22]), which have been listed in [Table 2](#T2){ref-type="table"}. Pathological impairments within the central portion of the VN in refractory MD patients were demonstrated in this study. Morphological alterations were identified at several different subcellular sites in VN fibers, including nuclei and other organelles, and even axon components. The possibility that these morphological changes might result from fixation artifacts was excluded by the observation of apparently normal myelinated axons near abnormal ones ([Figure 6A](#F6){ref-type="fig"}). Moreover, most of the microscopic alterations observed in this study appear to reflect chronic changes. Positive correlations between the presence of these lesions and the severity of MD were noted, which implies that therapeutic strategies aimed at neuroprotection could ameliorate the prognosis.

###### 

Histopathological studies regarding the vestibular sensory epithelia in MD.

  **References**                     **Utricular maculae**                                                                                                                 **Saccular maculae**                                                                                                                  **HSCC**                                                                                                                               **SSCC**                                                                                                                                **PSCC**
  ---------------------------------- ------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------
  Sanchez-Fernandez et al. ([@B6])   Degenerative alterations                                                                                                              Not reported                                                                                                                          Not reported                                                                                                                           Not reported                                                                                                                            Not reported
  Rosenhall et al. ([@B7])           Normal cytoarchitecture Cell cytoplasm vacuolation Cystic degeneration                                                                Not reported                                                                                                                          Not reported                                                                                                                           Not reported                                                                                                                            Not reported
  Ylikoski et al. ([@B21])           Sensory cell vacuolation Nuclear crescents No general degeneration                                                                    Not reported                                                                                                                          Sensory cell vacuolation Nuclear crescents No general degeneration                                                                     Not reported                                                                                                                            Not reported
  Rizvi et al. ([@B20])              Dilated utricle                                                                                                                       Not shown                                                                                                                             Ampullary distortion                                                                                                                   Not reported                                                                                                                            Not reported
  McCall et al. ([@B8])              Monolayer degeneration (24%) BM thickening (53%) Cellular vacuolization (82%) Stereocilia loss (94%) Increased stromal spaces (76%)   Monolayer degeneration (75%) BM thickening (75%) Cellular vacuolization (75%) Stereocilia loss (75%) Increased stromal spaces (50%)   Monolayer degeneration (92%) BM thickening (85%) Cellular vacuolization (69%) Stereocilia loss (100%) Increased stromal spaces (69%)   Monolayer degeneration (100%) BM thickening (100%) Cellular vacuolization (80%) Stereocilia loss (80%) Increased stromal spaces (80%)   Monolayer degeneration (100%) Stromal edema (100%) BM thickening (100%)

*HSCC, horizontal semicircular canal crista ampullaris; SSCC, superior semicircular canal crista ampullaris; PSCC, posterior semicircular canal crista ampullaris; BM, basement membrane*.

The current study confirmed that extensive CA, indicative of chronic impairment of peripheral nerves, is a microscopic feature of affected VN fibers in patients with intractable MD. Previous studies have assumed that CA are glycoproteinaceous structures that increase in the human brain during normal aging ([@B23]). However, new techniques have identified central nervous system CA in several neurodegenerative conditions, including Parkinson\'s disease, Huntington\'s disease, multiple sclerosis, temporal lobe epilepsy, and focal cortical dysplasia ([@B24]--[@B27]). The current investigation also found no positive correlation between the density of CA and aging, as VN sections from younger subjects also showed a higher level of CA. Although CA have even been considered as post-mortem artifacts, recent studies have confirmed that they contain complex components involved in waste elimination and neural protection ([@B28], [@B29]). Pisa et al. discovered that the external surface of CA contains fungal proteins in brain tissues from patients with Alzheimer\'s disease, amyotrophic lateral sclerosis, and Parkinson\'s disease, indicating that the formation of CA might associate with fungal infections ([@B30]). Stimulation with mold extracts triggered a significant release of TNF-α in MD patients who have higher basal levels of proinflammatory cytokines ([@B31]). These results suggested that fungal infection might be a potential etiology of MD, leading to accumulation of CA. The pathological changes noted in this study demonstrate that the formation of CA is highly correlated with the degree of central VN impairment, and that CA assist in the clean-up of abnormal materials, including cell debris or lipofuscin in VN fiber axons of advanced MD patients. This hypothesis is supported by our finding that CA level increased with disease duration.

This study also reveals the presence of myelin sheath deformation in the central portion of VN fibers at advanced stages of MD. Dysmyelination and delamination disintegrate the insulating myelin sheath, resulting in increased current leakage across the plasma membrane and deceleration or impedance of nerve conduction along internodes ([@B32]). The VN accepts sensory information regarding linear and angular acceleration, and projects to the brainstem vestibular nuclei and cerebellum ([@B33]). With a normal stimulus, the two sides of the peripheral vestibular system synergize with each other in a "pull-push" manner to maintain the balance of the body ([@B34]). Therefore, we speculate that lesions of the myelin sheath within the central VN axons affecting electrical conduction continuing on to the vestibular nuclei are likely to disturb the integrated processing of bilateral vestibular information, resulting in vertigo.

Unexpectedly, and unlike previous studies, we observed ultrastructural variations in SLI within the myelin sheath, including dilation and membranous whorls. SLI are thought to be pathways for transportation between Schwann cell bodies and axons, facilitating metabolism and maintaining the integrity of the myelin sheath ([@B35], [@B36]). Our study indicated that the altered shape and dimensions of SLI in the central portion of VN fibers, which affects the normal structure and function of myelin sheath, may cause aberrant nerve conduction and aggravate refractory vertigo. This hypothesis is coincident with our observation of atrophic axons in VN sections.

In addition, other microscopic features included the presence of microglia and the formation of lipofuscin in the affected VN. Lipofuscin, also known as age pigment, is produced when abnormal materials in the cytoplasm of cells are engulfed by autophagic vacuoles. The accumulation of lipofuscin is considered to indicate reduced function of lysosomes in these cells ([@B37]). Microglia act as endogenous macrophages in the nervous system, scavenging dying cells or cellular debris through phagocytosis and endocytosis ([@B38]). Therefore, the presence of lipofuscin and microglia indicate damage and decomposition of central VN fibers in patients with intractable MD.

The recognized limitation of this study was the small sample size. Multicenter studies with large sample sizes and studies using animal models are recommended in the future.

In summary, this study discovered subcellular lesions in the central portion of the VN in patients with intractable MD that were correlated with disease severity. The diverse pathological changes observed in the current study imply that intractable MD is likely to involve vestibular neuropathy. Histological abnormalities of the central portion of the affected VN may have the potential to explain the etiology of refractory vertigo. Neuroprotective agents like nerve growth factor are indicated in MD patients to prevent or relieve axonal impairment.
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